Hepatitis B virus (HBV) is a major causative agent of chronic hepatitis and can cause liver cirrhosis and hepatocellular carcinoma (1) . The prevalence of HBV infection is epidemiologically associated with that of hepatocellular carcinoma (16) . Control of HBV infection is, therefore, an important goal for public health in areas of endemicity.
Antiviral treatment consisting of interferon (IFN) or lamivudine (3TC) is now available for chronic hepatitis B (2, 16) . Accurate quantification of HBV DNA is essential for monitoring the efficacy of these antiviral treatments. HBV replication often correlates with hepatitis activity, and effective antiviral treatments are known to induce rapid decreases in serum viral load (11) . The DNA polymerase assay has been widely used for monitoring antiviral treatments. In this assay, levels of DNA polymerase are quantified in vitro by the incorporation of radio-labeled deoxynucleoside monophosphates (8) , which is difficult to standardize among laboratories (3) . Therefore, the assay has been replaced by a simpler and more accurate HBV DNA quantification system that uses a branched-DNA (bDNA) probe (6, 9) . However, this method is not sensitive enough to monitor serum virus levels in patients undergoing antiviral treatment.
Currently, HBV DNA is quantified by PCR. Although monitoring by PCR is more sensitive than detection using the bDNA probe, contamination, poor quantitation, and poor reproducibility limit its clinical applicability.
In this report, we show our results of a highly sensitive assay for HBV DNA by real-time detection PCR (RTD-PCR) based on Taq Man chemistry (5) . We have evaluated the efficacy of this system using synthetic standard HBV DNA and several clinical samples and have assessed the correlation between the results obtained by this assay and those obtained using the bDNA assay. We have also demonstrated the potential clinical usefulness of this RTD-PCR assay by monitoring HBV DNA levels in a patient currently undergoing antiviral treatment for acute exacerbation of his HBV carrier status.
CASE REPORT
A 40-year-old male was admitted to our hospital due to acute reactivation of persistent HBV infection. He was an asymptomatic HBV carrier with antibodies to HBe antigen. His HBV carrier status was diagnosed based on the positive results for HBV surface antigen (HBsAg) lasting more than 6 months and high-titered antibodies to hepatitis B core antigen. At admission, he was icteric and his prothrombin time (PT) level was 50%. After the start of antiviral treatment, consisting of IFN and 3TC, his PT level increased and his serum alanine aminotransferase (ALT) level decreased. Although the HBV DNA level rapidly decreased below the detection limit of the bDNA assay, the RTD-PCR using primers and probe set 1 (see Materials and Methods) detected and tracked changes in the HBV DNA level during the clinical course. The patient recovered from acute exacerbation with normalization of ALT and PT levels (Fig. 1) .
MATERIALS AND METHODS
Preparation of standard HBV DNA. We subcloned an HBV genome insert (nucleotides [nt] 1 to 2182) from pGEM7 into pBlueScript II SK(ϩ) (Stratagene, La Jolla, Calif.). The recombinant plasmid was purified and subsequently quantified by measuring the optical density at 260 nm.
Oligonucleotide primers and probes. RTD-PCR was performed with three sets of PCR primers and a probe; two sets were located in the HBV surface gene and the remaining one was located in the X gene. The criteria for primer and probe sets are as follows: first, a highly conserved sequence homology region; then, sufficient sensitivity; and finally, distance within the HBV genome, as with the HBV S and X genes. Set 1 of primers and a probe, derived from the S gene, consisted of a forward primer, HBSF1 (nt 166 to 186), 5Ј-CACATCAGGATT CCTAGGACC-3Ј; a reverse primer, HBSR1 (nt 339 to 321), 5Ј-GGTGAGTG ATTGGAGGGTTG-3Ј; and a Taq Man probe, HBSP1 (nt 242 to 267), 5Ј-CA GAGTCTAGACTCGTGGTGGACTTC-3Ј; set 2 consisted of HBSF2 (nt 406 to 426), 5Ј-CTTCATCCTGCTGCTATGCCT-3Ј; HBSR2 (nt 646 to 627), 5Ј-AAA GCCCAGGATGATGGGAT-3Ј; and HBSP2 (nt 461 to 488), 5Ј-ATGTTGCC CGTTTGTCCTCTAATTCCA-3Ј. Set 3 of primers and a probe, derived from the X gene, consisted of a forward primer, HBXF1 (nt 1414 to 1435), 5Ј-ACG TCCTTTGTTTACGTCCCGT-3Ј; a reverse primer, HBXR1 (nt 1744 to 1723), 5Ј-CCCAACTCCTCCCAGTCCTTAA-3Ј; and a Taq Man probe, HBXP1 (nt 1681 to 1705), 5Ј-TGTCAACGACCGACCTTGAGGCATA-3Ј. A reporter dye (6-carboxy-fluorescein) was covalently attached to the 5Ј end, and a quencher dye (6-carboxy-tetramethyl-rhodamine) was incorporated into the 3Ј end of the probe sequence. A passive reference dye was included in the PCR buffer.
Quantification of HBV DNA by RTD-PCR. The principle of RTD-PCR is as follows. If the target of interest is present during PCR, the probe specifically anneals between the forward and reverse primers. The 5Ј-3Ј exonuclease activity of Taq polymerase cleaves the probe between the reporter and the quencher. This results in an increase in fluorescence of the reporter that is proportional to the amount of product accumulated. Normalized reporter signal (Rn) is calculated by dividing the amount of reporter signal by the amount of passive reference signal (4) . ⌬Rn represents the amount of normalized reporter signal minus the amount of reporter signal before PCR. ⌬Rn increases during PCR as the target is amplified, until the reaction approaches a plateau ( Fig. 2 ) (4). Following amplification, real-time data acquisition and analysis are performed. In this present study, the relative fluorescent emission threshold, determined from the baseline of the first 15 cycles, was set 10 standard deviations above the mean baseline emission calculated from cycles to 1 to 15. Once the threshold was chosen, the point at which the amplification plot crossed the threshold was defined as the threshold cycle (Ct). The Ct represents the threshold of sequence detection and is also dependent on the starting quantity of HBV DNA.
Total DNA was extracted from 100 l of serum with the SMI test EX-RandD (Sumitomo Metal Industries, Tokyo, Japan) used according to the manufacturer's instructions. Purified DNA was resuspended in 20 l of distilled water. A 10-l aliquot of DNA solution (50-l serum equivalent) was used for RTD-PCR, which was performed with a PCR core reagent kit with an ABI 7700 sequence detector system (Perkin Elmer, Foster City, Calif.). Amplification bDNA hybridization assay and serology. HBV DNA in serum was quantitated by the signal amplification method with enzymatically labeled bDNA (Quantiplex HBV DNA; Chiron Corp., Emeryville, Calif.) according to the manufacturer's instructions. The quantification limit of Quantiplex HBV DNA contains approximately 7 ϫ 10 5 DNA copies/ml (6). Specimens. We examined 46 serum samples collected from patients with chronic hepatitis B and 23 serum samples collected from healthy volunteers. All chronic hepatitis B patients had a positive result for HBsAg and high-titered antibodies to HBV core antigen by enzyme-linked immunosorbent assay (ELISA) (Abbott Laboratories, North Chicago, Ill.). All healthy volunteers had normal serum ALT levels and were negative for HBsAg by ELISA as well as for antibodies to HBV by ELISA (International Reagents Corporation, Kobe, Japan). The presence of HBV DNA in these samples was then assessed by RTD-PCR and bDNA signal amplification assays.
Serial clinical samples were obtained from a 40-year-old male patient with acute exacerbation of chronic HBV infection (Case Report). The patient was treated with 3 ϫ 10 6 U of beta IFN (Feron; Torey Medical, Tokyo, Japan) daily for 2 weeks and three times a week for 6 weeks in combination with daily 3TC (150 mg).
RESULTS
We first examined RTD-PCR's sensitivity to and its ability to quantitate synthetic HBV DNA. RTD-PCR detected synthetic HBV DNA in the range of 10 1 to 10 8 copies/reaction with each primer and probe set (Fig. 2) . A linear relationship was obtained between the Ct and the number of copies of standard HBV DNA (r Ͼ 0.99) (Fig. 2) .
Intraexperimental variability was studied by using six samples collected from chronic hepatitis B patients and two samples from healthy volunteers. These eight samples were also assayed in quadruplicate in one experiment. The results of quantitation, along with standard deviations and coefficients of variation (CVs), are shown in Table 1 .
Interexperimental variability was studied in four independent experiments using the eight sera mentioned above. Results of these experiments are shown in Table 2 .
The presence or quantity of HBV DNA in the sera of the 25 of 46 patients and 23 healthy volunteers was determined by RTD-PCR using set 1 and set 3 primers and probes and by bDNA assay. The quantity of HBV DNA in the sera of the remaining 21 patients was determined by RTD-PCR using the set 2 primers and probe and by bDNA assay. RTD-PCR using the primers and probes located in the S or X regions detected the HBV genome in all samples. On the other hand, 9 of the 46 samples contained HBV DNA at levels below the quantitation limit of the bDNA assay (Fig. 3a to c) . A significant correlation was found between results obtained by RTD-PCR using the primers and probe sets located in the S (set 1) and X (set 3) regions (r ϭ 0.974) (Fig. 3d) . A significant correlation was also found between the results of the bDNA assay and those of RTD-PCR with primer and probe sets located in the S (set 1 or 2) or X (set 3) region, with correlation coefficients of 0.961 (Fig. 3a) , 0.972 (Fig. 3b) , and 0.926 (Fig. 3c) , respectively. HBV DNA was not detected in any serum samples derived from healthy volunteers by the RTD-PCR assay with any of three primer-probe sets.
DISCUSSION
We have developed a highly sensitive and quantitative RTD-PCR assay for the detection of HBV DNA. Furthermore, the assay is less laborious than competitive PCR. The entire process can be completed within 5 h, including extraction of DNA from the patient's serum. The RTD-PCR assay is performed by a single step, requiring a single tube, a single enzyme, and a single set of primers with a target-specific fluorogenic probe. Post-PCR data analysis of the RTD-PCR can be performed by using a computer connected to an ABI 7700 sequence detector without gel electrophoresis and probe hybridization (12, 13) .
The RTD-PCR showed a close correlation between Ct and a starting quantity of HBV DNA ranging from 10 1 to 10 8 copies/reaction. The sensitivity of the RTD-PCR is similar to that of nested PCR. The high sensitivity and good linearity over a wide dynamic range are explained as follows. As shown in a previous study of PCR kinetics, a logarithmic plot of copy numbers in a series of standard HBV DNA samples versus Ct yields a straight line, resulting in good linearity over a wide dynamic range for the RTD-PCR assay (7) . In addition, the sensitive fluorescence detection system allows the Ct to be observed while the PCR amplification is still in the exponential phase. Furthermore, none of the components in the reaction mixture is limiting during exponential-phase amplification. Therefore, determining the Ct is more reliable than determining the presence or amount of PCR product (4, 5) . RTD-PCR detected HBV DNA in 8 of the 46 patients with chronic hepatitis B who were negative for HBV DNA by the bDNA assay and did not detect HBV DNA in any of the 23 healthy volunteers. RTD-PCR is estimated to be 10 4 to 10 5 times more sensitive than the bDNA assay (Fig. 3a to c) . In this limited study, RTD-PCR showed a good sensitivity and specificity.
Ten years has passed since PCR was first applied to the detection of HBV DNA (10, 15) . Since then, PCR has been regarded as a sensitive and useful assay for the detection of HBV DNA. However, a PCR method suitable for standardization has not been established until now. A program for quality assurance in the detection of HBV DNA revealed considerable variability in sensitivity and specificity among the 39 participating laboratories around the world (14) . The study showed that the main problem in the detection of HBV DNA is false positivity. To avoid contamination of serum samples and previously amplified PCR products, stringent precautions must be routinely implemented. Reaction mixtures for PCR are made in a DNA-and RNA-free working space, and the other steps of RTD-PCR are performed in an amplicon-free working space. The chance of contamination is reduced via monitoring and calculation of fluorescent signals in a single sample tube with a closed optical cap. The use of UNG can also reduce the possibility of contamination.
Changes in serum virus levels frequently induce fluctuation of serum ALT levels. Thus, accurate quantitation of the serum virus level is useful in monitoring the clinical course of patients with active hepatitis B. A reliable quantitative assay should be able to detect small changes in viral level. In accordance with this, the inter-and intraexperimental variabilities of our RTD-PCR were extremely small compared with those of previously reported quantitative methods (12, 13) . The CV of quantitation was less than 9.07% throughout the quantitative dynamic range. Therefore, a greater-than-twofold change in HBV DNA levels, as quantified by RTD-PCR, is regarded as significant. In the HBV carrier examined in the present study, RTD-PCR was able to detect the precise change in HBV DNA level and revealed an association between HBV DNA and ALT levels which the bDNA assay failed to confirm (Fig. 1) .
Our study shows that the RTD-PCR assay for HBV DNA is superior to other methods for quantitation of HBV DNA in sensitivity, specificity, simplicity, and reproducibility. The usefulness of this RTD-PCR assay should be further investigated with a large number of samples to ascertain whether it can be accepted as a standard HBV assay. This assay is a candidate for a standard HBV detection system using PCR. This assay may be especially useful in cases of spontaneous reactivation of HBV carriers and acute exacerbation following immunosuppressive treatment, in predicting chronicity following acute infection, and in monitoring the therapeutic effect of antiviral treatments.
